Abstract Neuroinflammation plays a main role in neurological deficits in rats with minimal hepatic encephalopathy (MHE) due to portacaval shunt (PCS). Treating PCS rats with SB239063, an inhibitor of MAP-kinase-p38, reduces microglial activation and brain inflammatory markers and restores cognitive and motor function. The translocator protein-(18-kDa) (TSPO) is considered a biomarker of neuroinflammation. TSPO is increased in brain of PCS rats and of cirrhotic patients that died in hepatic coma. Rats with MHE show strong microglial activation in cerebellum and milder in other areas when assessed by MHC-II immunohistochemistry. This work aims were assessing: 1) whether binding of TSPO ligands is selectively increased in cerebellum in PCS rats; 2) whether treatment with SB239063 reduces binding of TSPO ligands in PCS rats; 3) which cell type (microglia, astrocytes) increases TSPO expression. Quantitative autoradiography was used to assess TSPO-selective 3
Introduction
Patients with chronic liver disease (e.g. cirrhosis) often show hepatic encephalopathy (HE), a complex neuropsychiatric syndrome. In the early phases, known as minimal hepatic encephalopathy (MHE), patients do not show evident symptoms of encephalopathy, but show mild cognitive impairment, attention deficits, psychomotor slowing and impaired bimanual and visuomotor coordination which can be unveiled using psychometric tests (Ferenci et al. 2002; Amodio et al. 2004; Montoliu et al. 2007) . MHE can progress to clinical HE, showing evident, more serious alterations in motor activity and coordination (hypokinesia, asterixis, ..), in intellectual and cognitive functions and alterations in consciousness which, in the worst cases, can progress to coma and death. Both MHE and clinical HE reduce quality of life and life span of the patients (Groeneweg et al. 1998; Romero-Gómez et al. 2001) .
The main factor responsible for the neurological alterations in HE is hyperammonemia. It is becoming increasingly clear that inflammation acts synergistically with hyperammonemia to induce the neurological alterations both in patients with minimal or clinical HE (Odeh et al. 2004 (Odeh et al. , 2005 Shawcross et al. 2004; Montoliu et al. 2009; Felipo et al. 2012) .
Studies in animal models of chronic hyperammonemia and HE also support the synergic effects of hyperammonemia and inflammation in the cognitive and motor alterations.
A main animal model of MHE are rats with porta-caval shunt (PCS), recommended by the International Society for Hepatic Encephalopathy (ISHEN) for the study of the mechanisms and treatment of HE because it reproduces cognitive and motor alterations present in patients with MHE (Butterworth et al. 2009 ).
Rats with PCS show neuroinflammation, with increased microglial activation and levels of inflammatory markers in b r a i n ( C a u l i e t a l . 2 0 0 7 ; A g u s t i e t a l . 2 0 11 ) . Neuroinflammation is also present in other models of HE such as rats with bile duct ligation or of chronic hyperammonemia without liver failure (Rodrigo et al. 2010) .
Neuroinflammation plays a main role in the neurological deficits in rats with MHE and it is possible to restore their cognitive and motor function with different anti-inflammatory treatments. Ibuprofen, a non-steroidal anti-inflammatory drug (NSAID), reduces neuroinflammation and restores the cognitive and motor function in PCS rats (Cauli et al. 2007 (Cauli et al. , 2009a , in rats with bile-duct ligation (BDL) or with chronic hyperammonemia (Rodrigo et al. 2010) . However, ibuprofen and other NSAIDS are not recommended in patients with liver disease because they may induce kidney damage. As an alternative treatment to reduce microglial activation and neuroinflammation without affecting kidney, we used a chronic treatment with a p38 MAPK inhibitor, SB239063, which reduces microglial activation and neuroinflammation in PCS rats and restores cognitive and motor function without affecting renal function (Agusti et al. 2011) .
The translocator protein (18 kDa) (TSPO) formerly known as peripheral benzodiazepine receptor (PBR or PTBR), is a protein expressed in steroid-synthesizing tissues, including the brain (Jorda et al. 2005; Jayakumar et al. 2002; Delavoie et al. 2003; Chen and Guilarte. 2008) . TSPO is present in the outer mitochondrial membrane where it mediates the transport of cholesterol into mitochondria (Papadopoulos et al. 1997; Chen and Guilarte. 2008) . This is the rate limiting step in steroidogenesis. Under normal conditions TSPO is poorly expressed in brain and limited to glial cells (astrocytes and microglia). TSPO expression increases in glial cells in response to inflammatory stimuli or brain damage Guilarte 2006, 2008; Chen et al. 2004; Guilarte et al. 1995 Guilarte et al. , 2003 Kuhlmann and Guilarte 1997 , 1999 , 2000 . By this reason TSPO is being used as a biomarker of neuroinflammation, especially in vivo studies by positron emission tomography (PET) using the binding of TSPO ligands as a measure of neuroinflammation.
TSPO is increased in brain of PCS rats (Desjardins et al. 1997) and in animal models of acute liver failure due to liver ischemia (Desjardins and Butterworth. 2002) . TSPO expression is also increased in the brain of cirrhotic patients that died in hepatic coma (Lavoie et al. 1990; Desjardins et al. 1997) .
Studies in vivo in patients with HE show an increased binding of
11
[C]-PK11195, a selective TSPO antagonist, in different brain areas (Cagnin et al. 2006) .
It is considered that increased binding of TSPO ligands reflects mainly activation of microglia (Garvey et al. 2013) . We have shown that animal models of chronic hyperammonemia and HE show strong activation of microglia in cerebellum and milder activation in other brain areas when assessed by immunohistochemistry using an antibody for MHC-II to detect activated microglia (Rodrigo et al. 2010; Agusti et al. 2011) . The first aim of the present work was to assess whether binding of ligands to TSPO is also increased selectively in cerebellum or affects most brain areas in PCS rats. This was assessed by quantitative autoradiography using the TSPO-selective radioligand 1-
We have shown that treatment with p38 inhibitors (SB239063) reduces activation of microglia and neuroinflammation in PCS rats (Agusti et al. 2011) . The second aim of this work was to assess whether treatment with the p38 inhibitor SB239063 reduces the binding of ligands to TSPO in different brain areas of PCS rats. The third aim was to assess in which cell type (microglia, astrocytes) is expression of TSPO increased in PCS rats.
Material and methods

Porta-caval shunt
Male Wistar rats (180-210 g) were anaesthetized and an endto-side porta-caval shunt was constructed as described by Lee and Fisher 1961 . Control rats were sham-operated. All experiments were approved by the Center and met the guidelines of the European Union for care and management of experimental animals.
Chronic intracerebral administration of SB239063
Two weeks after PCS surgery, rats were anaesthetized with isoflurane and miniosmotic pumps (Alzet 2004, Palo Alto, USA) were implanted subcutaneously and connected to a cannula for cerebral infusion (Brain infusion KIT II) implanted stereotaxically in the lateral ventricle (0.9 mm previous, 1.3 mm to the right of bregma and 4.5 mm below Dura). The pumps released 0.25 μl/h during 28 days. Four groups of rats were used. One PCS and one sham group were implanted with pumps filled (250 μL) with SB239063 (2 mg/ml in 50 % dimethylsulfoxide). One PCS and one sham group were implanted with pumps filled with 50 % dimethylsulfoxide. C o n t r ol e x p er i m e nt s sh o w e d t h a t t h i s d o s e o f dimethylsulfoxide released at 0.25 μl/h does not affect motor activity or learning ability. SB239063 was from Tocris (Bristol, UK). SB239063 was administered intracerebrally because peripheral administrations would require large amounts of the inhibitor which will make this chronic treatment study prohibitively expensive.
Quantitative receptor autoradiography
The TSPO-selective radioligand 1-(2-chlorophenyl)-N-methyl-N-(1-methyl-propyl)-3-isoquinoline carboxamide 3 H-(R)-PK11195 (85.5 Ci/mmol) was radiolabeled and purified by NEN Life Science Products (Boston, MA). Twenty-six days after implantation of osmotic pumps, rats were perfused transcardially under deep anesthesia (pentobarbital, 100 mg/ Kg, i.p.) with 0.9 % saline followed by 4 % paraformaldehyde. Brains were dissected out and stored in 30 % sucrose. Brains were sectioned (20 μm) on a freezing cryostat (Microm HM505E) in the horizontal plane. Brain sections were thaw mounted onto poly-L-lysine-coated slides (Sigma) and stored at −20°C until used. 3H-(R)-PK11195 autoradiography to measure PBR levels was performed on adjacent brain sections using the same procedures. Slides were thawed and dried at 37°C for 30 min and prewashed in 50 mM Tris-HCl buffer (pH 7.4) for 5 min at room temperature. Sections were then incubated with 1nM 3H-(R) -PK11195 in buffer solution for 30 min at room temperature. For nonspecific binding, adjacent sections were incubated in the presence of 10 μM racemic PK11195. The reaction was terminated by two 3-min washes in cold buffer (4°C) and two dips in cold, deionized water (4°C). Sections incubated with 3H-(R)-PK11195 were airdried and apposed to Hyperfilm-[3H] (Amersham, Arlington Heights, IL) with 3 [H]-Microscales (Amersham) for 3 weeks. Images were captured and digitized using MCID Images Systems, QICAM 12 BIT digital camera and the Northern Light Precision Illuminator (InterFocus Imaging Ltd, Cambridge, England) and quantified using MCID densitometry software (MCID TM Core Densitometry System) (InterFocus Imaging Ltd, Cambridge, England).
Immunofluorescence
Twenty-six days after implantation of osmotic pumps, 5-6 rats per group were perfused transcardially under deep anesthesia (pentobarbital, 100 mg/Kg, i.p.) with 0.9 % saline followed by 4 % paraformaldehyde. Brains were dissected out and postfixed in the same fixative and subsequently, transferred to phosphate buffer (PB) with 0.1 sodium azide. Coronal sections (40 μm) were cut on a vibratome (Leica VT 1000S) and were stored at 4°C in PB with 0.1 % azide until further processing. Free-floating sections were washed and sequential incubations with blocking serum and primary antibodies (overnight 4º C) were performed. We stained cerebellum sections with antiserum raised against TSPO (Rabbit polyclonal anti-TSPO, 1:200, Trevigen, USA) GFAP (1:400, Sigma-Aldrich, USA) and iba-1 (1:200, Abcam, UK). Finally, the following secondary antibodies: Alexa fluor 488 Goat anti-mouse, Alexa fluor 488 Donkey anti-goat, and Alexa fluor 647 Donkey anti-rabbit (all of them, 1:400, Invitrogen, USA), were incubated for 1 h at room temperature. To assess the co-expression of TSPO with astrocytes and microglial cells we analyzed the double inmunofluorescence stained sections with a confocal microscope (Leica TCS SP2AOBS).
Statistical analysis
Results are expressed as a mean ± SEM (Standard error of the mean). An ANOVA analysis was performed followed by posthoc Newman-Keuls Multiple Comparison Test (GraphPAD Prism 5.03).
Results
Binding of 3 [H]-PK11195 to TSPO in different regions of the brain
Quantitative film autoradiography of binding of the TSPOselective ligand 3 [H]-PK11195 was used to measure TSPO levels in the striatum (STR), frontal cortex (FrCx), parietal cortex (ParCx), thalamus (Tal), hippocampus (HP) and regions 2,3 (CB 2,3) and 8,9 of cerebellum (CB 8,9). The areas quantified are shown in Fig. 1a .
To analyze the 3
[H]-PK11195 binding to TSPO the brain was divided in 4 neuroanatomical levels (Fig. 1b) . The brain was sectioned in axial slices. Level 1 is the most dorsal and the level 4 is the most ventral. The results for level 1 are shown in Fig. 2 . The results for levels 2-4 are shown in supplementary Figs. 1, 2, and 3. All results are summarized in Table 1 .
Binding of 3 [H]-PK11195 to TSPO in striatum (STR)
In level 1, binding of 3 [H]-PK11195 in striatum was not different in PCS (17±2 fmols/mg) than in control rats (15± 2 fmols/mg). In levels 2, 3 and 4, PCS rats showed an increase in 3 [H]-PK11195 binding compared sham rats. The increase was statistically significant in levels 2 and 4 and did not reach statistical significance in level 3 (Table 1) .
Treatment with SB239063 did not affect binding to TSPO in sham rats in any of the anatomical levels. SB239063 increased the binding to TSPO in PCS rats in levels 1 and 3 but not in levels 2 and 4 ( [H]-PK11195 binding increased in PCS rats compared to control (SM) rats in all anatomical levels. The increase was statistically significant in levels 1, 3 and 4 and did not reach statistical significance in level 2 (Table 1) .
Treatment with SB239063 did not affect binding to TSPO in sham rats in any of the anatomical levels and increased the binding to TSPO in PCS rats in all anatomical levels ( Table 1 ).
Binding of 3[H]-PK11195 to TSPO in the parietal cortex (Par Cx)
As occurs in frontal cortex, in parietal cortex 3 [H]-PK11195 binding increased in PCS rats compared to control (SM) rats in all anatomical levels and the increase was statistically significant in levels 1, 3 and 4 and did not reach statistical significance in level 2 (Table 1) .
Treatment with SB239063 did not affect binding to TSPO in sham or PCS rats in any of the anatomical levels.
Binding of 3
[H]-PK11195 to TSPO in the thalamus (Tal)
In the thalamus there is a very strong increase in the binding of 3 [H]-PK11195 in all anatomical levels of PCS rats compared to control (SM) rats (Table 1) .
Treatment with SB239063 did not affect binding to TSPO in sham or PCS rats in any of the anatomical levels except for anatomical level 1, in which binding is increased in PCS rats (Table 1, Fig. 2b ).
Binding of 3 [H]-PK11195 to TSPO in the hipocamppus (HP)
In hippocampus 3 [H]-PK11195 binding increased in PCS rats compared to control (SM) rats in all anatomical levels. The increase was statistically significant in levels 1 and 4 and did not reach statistical significance in levels 2 and 3 (Table 1) .
Treatment with SB239063 did not affect binding to TSPO in sham rats in any of the anatomical levels and increased the Table 1 for each group. SM = control rats with "sham" operation treated with vehicle, SM + SB = control rats with "sham" operation and treated with SB239063, PCS = PCS rats treated with vehicle, PCS + SB = PCS rats treated with SB239063 binding to TSPO in PCS rats in anatomical levels 1 and 3 (Table 1 ).
Binding of 3 [H]-PK11195 to TSPO in the cerebellum (CB)
Cerebellum was the brain region where the increase of 3 [H]-PK11195 binding to TSPO was more intense in PCS rats. There was a very strong increase in the binding both in cerebellar regions 2-3 (CB 2, 3) and 8-9 (CB 8, 9).
Treatment with SB239063 did not affect to the 3 [H]-PK11195 binding in sham or PCS rats in cerebellum. (Table 1, Fig. 1 ).
TSPO is expressed in astrocytes and microglial cells
To assess in which cell types occurs the increase in expression of TSPO, we analyzed the co-expression of TSPO with markers of astrocytes (GFAP) and microglia (Iba-1) using confocal microscopy. We choose the cerebellum because it was the anatomical region where TSPO expression was highest. The analysis of the confocal images shows that the TSPO positive cells expressed also astrocyte and microglia markers (Fig. 3 ) in all the experimental group. This supports that TSPO increases both in astrocytes and microglia. 41±4 (5) 51±6 (7) 92±12 ** (7) 105±3 ** (6) Level 4 57±6 (6) 58±6 (5) 91±14* (7) 84±12 (7)
Discussion
Under normal conditions TSPO expression in brain is low but increases following brain injury. Although it was initially postulated that TSPO is expressed mainly in activated microglia (Myers et al. 1991; Stephenson et al. 1995; Banati 2002) , it has been shown that reactive astrocytes also express TSPO (Chen et al. 2004; Maeda et al. 2007; Rojas et al. 2007 ). Our results confirm expression of TSPO in both types of glial cells. In the context of hepatic encephalopathy it has been described that TSPO (known as peripheral benzodiazepine receptor, PBR or PTBR in earliest studies) expression increases in hyperammonia and in PCS rats. This increase was not then related with neuroinflammation, mainly because it was reported before TSPO was identified as a neuroinflammation marker. Giguère et al. (1992) and Raghavendra Rao et al. (1994) observed increased TSPO expression in PCS rats.
The increase of TSPO expression in PCS rats must be consequence of hyperammonemia because hyperammonemia per se enhances TSPO expression, which is also increased in cultured astrocytes exposed to ammonia (Ducis et al. 1989; Itzhak and Norenberg. 1994) .
The data reported here (Table 1) show that expression of  TSPO (binding of   3 [H]-PK11195) is very different in different brain areas both in normal rats and in PCS rats. In normal rats, binding in striatum and thalamus is low (around 15 fmols/mg, depending on the neuroanatomical level) in all neuroanatomical levels. Hippocampus show a slightly higher level (around 24 fmols/mg) and cortex around 30 fmols/mg. The highest expression is in cerebellum, around 40 fmols/mg. Binding of 3
[H]-PK11195 is increased in general in all areas and levels of PCS rats. The difference is statistically significant in most of them. For some areas the increase in some anatomical levels does not reach statistical significance, mainly due to the variability of the results. It may be therefore considered that, in general, binding of 3
[H]-PK11195 is increased in general in PCS rats. However the increase is larger in some areas than in others. In PCS rats, binding of The larger expression of TSPO in cerebellum in PCS rats is in agreement with the stronger activation of microglia found in this area by immunohistochemistry in models of chronic hyperammonemia and MHE (Rodrigo et al. 2010; Agusti et al. 2011) . The present work also shows that TSPO is expressed in microglia, but also in astrocytes, both in PCS and normal rats.
Portacaval shunt affects all types of glial cells: astrocytes and microglia and oligodendrocytes .
There is a good number of studies on the effects of PCS on astrocytes, showing changes that are different in depending on the brain region (Bodega et al. 1991; Suárez et al. 1997 ) and on the time after PCS surgery (Ma et al. 1991) . In general these studies show enlarged nuclear size (Diemer and Laursen 1977) , increased astrocyte cell and cytoplasmic area (Laursen and Diemer 1980) and no evidence of Alzheimer type II cells (Pilbeam et al. 1983) . In cerebellum there is a down-regulation of astroglial proteins (Suárez et al. 1992) . Bergmann glia accumulated GFAP in response to PCS, whereas astrocytes decreased GFAP immunoreactivity when compared to control rats (Suárez et al. 2005) . Although there are very few studies, changes in oligodendrocytes have been also reported . Microglia is activated mainly in cerebellum of PCS rats (Agusti et al. 2011) . The data reported here show that TSPO is increased in PCS rats, and both microglia and astrocytes could contribute to this increase.
TSPO transports cholesterol from the outer to the inner mitochondria membrane to produce pregnenolone, the parent Fig. 3 TSPO is expressed in astrocytes and microglia in the cerebellum. Co-expression of TSPO and markers for astrocytes (GFAP) or microglia (Iba-1) was analyzed by double immunofluorescence. All of the experimental groups co-expressed both GFAP and Iba-1 (green) with TSPO (red). Co-expression of GFAP positive cells (astrocytes) with TSPO (arrows) and of the iba-1 positive cells (microglia) with TSPO (arrow heads) is illustrated in the bottom pannels for PCS rats. Scale bar: 25 μm compound of all steroids (Papadopoulos et al. 1997) . Therefore TSPO plays an important role in the neurosteroids synthesis. The concentration of some neurosteroids is increased in brain of cirrhotic patients died in hepatic encephalopathy (Ahboucha et al. 2006) , in rats with chronic hyperammonemia (Cauli et al. 2009b ) and in rats with hepatic encephalopathy due to portacaval shunt (Ahboucha and Butterworth 2008) . This also supports that hyperammonemia would be the main contributor to changes in neurosteroids in HE. Hyperamonemia also alters the modulation by different neurosteroids of NMDA-GABA A -or sigma receptors in cerebellum in vivo (González-Usano et al. 2013) . It has been proposed that the neurosteroid system plays a role in the pathophysiology and may be a therapeutic target for the treatment of hepatic encephalopathy Butterworth 2007, 2008) . The increase in TSPO may be involved in the increased levels of neurosteroids in hyperammonemia and HE.
Recently, we have identified a new therapeutic target for HE, MAP kinase p38. Inhibition of p38 by SB239063 reduces microglial activation as well as inflammatory markers in brain (prostaglandin E2, cyclooxygenase activity, iNOS, IL-1β,TNFα) and restores cognitive and motor function in PCS rats (Agusti et al. 2011) . We show here that treatment with SB239063 does not affect binding of 3 [H]-PK11195 in normal rats but enhances it in most brain areas of PCS rats. However, the increase is larger in some areas (e.g. cerebellum) than in others (e.g. striatum or frontal cortex), as shown in Fig. 2b , and supplementary Figures 1B, 2b and 3B. Treatment with the p38 inhibitor did not affect the binding of 3 [H]-PK11195 in those brain areas (e.g. cerebellum) which already showed a strong increase in PCS rats. However, the p38 inhibitor enhanced binding of 3 [H]-PK11195 in those areas showing no or low binding increase due to PCS.
As mentioned above, binding of ligands to TSPO is considered a marker of neuroinflammation. However, inflammation may occur independently of TSPO activation. For example, it has been shown that the TSPO ligand Ro5-4864 did not affect the response of microglia to LPS. Moreover, neither PK11195 nor Ro5-4864 affected the LPS-mediated increase in the number of vimentin-immunoreactive astrocytes (Veiga et al. 2007 ). The same authors showed later that PK11195 is unable to reduce reactive gliosis induced by kainic acid (Veiga et al. 2005) . This TSPO-independent inflammation could be reduced by p38 without reducing TSPO expression. This could explain why SB239063 reduces microglial activation and levels of some inflammatory markers (Agusti et al. 2011) , without reducing binding of ligands to TSPO. It is also possible that SB239063-induced reduction of neuroinflammation in PCS rats is not mediated by an effect on TSPO but on a later step in the neuroinflammatory chain.
These data also show that enhanced expression of TSPO is not always associated with cognitive or motor deficits or with enhanced levels of some inflammatory markers. If enhanced TSPO expression plays a role in the mechanisms leading to neurological alterations in chronic hyperammonemia and HE, SB239063 would interfere these mechanisms at a later step. 
